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Table 1 Design of parametric study 
Label Particle 
aspect ratio 
Rolling resistance 
coefficient 
Bedding plane 
orientation (degree) 
Initial density 
Biaxial_1 1.0/1.4/1.7 0 0 Dense/ medium-dense/ loose 
Biaxial _2 1.0 0/0.3/0.6/0.9/1.2/1.5/1.8 0 Medium-dense 
Biaxial _3 1.0/1.4/1.7 0 0/15/30/45/60/75/90 Medium-dense 
Biaxial _4 1.0/1.4/1.7 0/0.6/1.2 0/30/60/90 Medium-dense 
RPAM_1 1.0/1.4/1.7 0 0 Dense/ medium-dense/ loose 
RPAM_2 1.0 0/0.3/0.6/0.9/1.2/1.5/1.8 0 Medium-dense 
RPAM_3 1.0/1.4/1.7 0 0/15/30/45/60/75/90 Medium-dense 
RPAM_4 1.0/1.4/1.7 0/0.6/1.2 0/30/60/90 Medium-dense 
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Table 2 Target void ratios for the DEM samples 
Target void ratio Am=1.0 Am=1.4 Am=1.7 
Dense 0.22 0.18 0.16 
Medium-dense 0.245 0.20 0.19 
Loose 0.28 0.23 0.22 
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Table 3 Contact mechanical parameters and motion parameters in biaxial tests and 
RPAM tests  
Parameters Values 
Particle density (kg/m3) 2.6×103 
Tangential contact stiffness (N/m) 1.5×109 
Normal contact stiffness (N/m) 1.0×109 
Inter-particle frictional coefficient in the sampling process for 
loose / medium-dense / dense sample 
1.0 / 0.5 / 1.0×10-10 
Friction coefficient between particle and wall in consolidation 
stage / biaxial test / RPAM test 
0 / 0.5 / 0.5 
Inter-particle friction coefficient in tests 0.5 
Shearing rate in biaxial test (%/min) 0.1 
Rotation rate of wall in RPAM tests (rad/s) 0.1pi  
Calculation time step in biaxial test / RPAM test (s) 2.0×10-3 / 4.0×10-5  
Duration time of RPAM tests (s) 22.5 
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 Table 4 Peak internal friction angle of anisotropic specimens with medium density 
(degree) 
Bedding plane 
orientation (degree) 
Am=1.0 Am=1.4 Am=1.7 
β=0 β=0.6 β=1.2 β=0 β=0.6 β=1.2 β=0 β=0.6 β=1.2 
0 23.2 29.9 35.2 37.2 39.9 41.0 39.0 42.4 44.5 
30 20.5 24.3 34.5 34.1 38.3 39.7 37.8 40.6 42.2 
60 16.8 22.5 28.0 31.6 33.3 39.1 33.9 36.1 38.2 
90 18.5 28.7 31.8 32.3 37.4 39.9 34.4 37.4 40.29 
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Table 5 Residual internal friction angle of anisotropic specimens with medium 
density (degree) 
Bedding plane  
orientation (degree) 
Am=1.0 Am=1.4 Am=1.7 
β=0 β=0.6 β=1.2 β=0 β=0.6 β=1.2 β=0 β=0.6 β=1.2 
0 19.6 24.7 26.6 30.2 33.1 27.5 32.5 36.0 34.6 
30 16.5 21.8 29.8 27.2 32.8 31.8 33.1 35.0 36.5 
60 15.2 20.8 27.1 25.1 30.2 32.5 28.4 31.3 34.6 
90 17.0 28.5 30.6 28.0 30.6 30.6 29.5 33.5 35.8 
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Figure captions 
Fig. 1. Equivalent particle size distribution of DEM samples. 
Fig. 2. Sampling process of an anisotropic DEM sample. 
Fig. 3. Particle orientation diagrams of anisotropic specimens for (a) – (d) Am=1.4 and 
for (e) – (h) Am=1.7.  
Fig. 4. Procedure of Rotation of Principal Axes Method (RPAM) test. 
Fig. 5. Variations of stress ratio σ1/σ3 versus axial strain for different aspect ratios Am 
and densities in Series Biaxial_1 (σ3c = 200kPa, β = 0 and δ = 0). 
Fig. 6. Relationships between the internal friction angle and aspect ratio Am for 
different densities in Series Biaxial_1 (σ3c = 200kPa, β = 0 and δ = 0). 
Fig. 7. Relationships between the internal friction angle and the rolling resistance 
coefficient β in Series Biaxial_2 (σ3c = 200kPa, Am = 1.0 and δ = 0). 
Fig. 8. Relationships between the peak internal friction angle and the bedding plane 
orientation in Series Biaxial_3 (σ3c = 200kPa and β = 0). 
Fig. 9. Variations of non-coaxial angle from the RPAM tests on (a) loose (b) 
medium-dense (c) dense specimens in Series RPAM_1 (Am = 1.4, β = 0 and δ = 0°). 
Fig. 10. Distribution diagrams of (a) particle orientation (b) contact normal (c) contact 
force (d) contact force over average for an anisotropic specimen in Series RPAM_1 
(medium-dense, Am = 1.4, β = 0 and δ = 0°) at different rotation time. 
Fig. 11. Variations of non-coaxial angle for different initial densities in Series 
RPAM_1 (Am = 1.4, β = 0 and δ = 0). 
Fig. 12. (a) Variations of non-coaxial angle (b) variations of pore water pressure 
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normalized by the initial mean effective stress or shear strain for different Am in 
Series RPAM_1 (medium-dense, β = 0 and δ = 0). 
Fig. 13. Relationship between the aspect ratio Am and the average amplitude of non 
coaxial angle i  in Series RPAM_1 (medium-dense, β = 0 and δ = 0). 
Fig. 14. Variations of non-coaxial angle for different rolling resistance β in Series 
RPAM_2 (medium-dense, Am = 1.0 and δ = 0). 
Fig. 15. Relationship between the rolling resistance β and the average amplitude of 
non-coaxial angle i  in Series RPAM_2 (medium-dense, Am = 1.0 and δ = 0). 
Fig. 16. Variations of non-coaxial angle for different bedding plane orientation δ in 
Series RPAM_3 (medium-dense, Am = 1.4 and β = 0). 
Fig. 17. Relationships between the bedding plane orientation δ and the average 
amplitude of the non-coaxial angle i  in Series RPAM_3 (medium-dense and β = 0). 
Fig. 18.  Variation of the average amplitude value of the non-coaxial angle i  in 
four cycles under the coupled effects of Am, β and δ in Series RPAM_4 
(medium-dense). 
Fig. 19. Comparison between the simulation results by DEM and the predictions from 
Eq. (15). 
Fig. 20. Comparison between the evolutions of APR and those of i in the RPAM tests 
on medium-dense specimen for (a) Am = 1/1.4/1.7, β = 0 and δ = 0°; (b) Am = 1.4, β = 
0/0.6/1.2 andδ = 0°; (c) Am = 1.4, β = 0.6 and δ = 0°/30°/60°/90°.  
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Fig. 1. Equivalent particle size distribution of DEM samples. 
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Fig. 2. Sampling process of an anisotropic DEM sample. 
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（a）δ =0°         （b）δ =30°         （c）δ =60°        （d）δ =90° 
 
（e）δ =0°         （f）δ =30°         （g）δ =60°        （h）δ =90° 
Fig. 3. Particle orientation diagrams of anisotropic specimens for (a) - (d) Am=1.4 
and for (e) – (h) Am=1.7.  
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(a) Consolidation stage              (b) Rotation shearing stage 
Fig. 4. Procedure of Rotation of Principal Axes Method (RPAM) test. 
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(a) Am = 1.0   
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   (b) Am = 1.4 
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  (c) Am = 1.7 
Fig. 5. Variations of stress ratio σ1/σ3 versus axial strain for different aspect 
ratios Am and densities in Series Biaxial_1 (σ3c = 200kPa, β = 0 and δ = 0). 
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Fig. 6. Relationships between the internal friction angle and aspect ratio Am for 
different densities in Series Biaxial_1 (σ3c = 200kPa, β = 0 and δ = 0). 
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Fig. 7. Relationships between the internal friction angle and the rolling resistance 
coefficient β in Series Biaxial_2 (σ3c = 200kPa, Am = 1.0 and δ = 0). 
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Fig. 8. Relationships between the peak internal friction angle and the bedding 
plane orientation in Series Biaxial_3 (σ3c = 200kPa and β = 0). 
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(a) Loose 
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(b) Medium-dense 
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(c) Dense 
Fig. 9. Variations of non-coaxial angle from the RPAM tests on (a) loose (b) 
medium-dense (c) dense specimens in Series RPAM_1 (Am = 1.4, β = 0 and δ = 
0°). 
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(a) Particle orientation 
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(b) Contact normal 
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 (c) Contact force 
 
0s                     5.6s                    20s 
 (d) Contact force over average 
Fig. 10. Distribution diagrams of (a) particle orientation (b) contact normal (c) 
contact force (d) contact force over average for an anisotropic specimen in Series 
RPAM_1 (medium-dense, Am = 1.4, β = 0 and δ = 0°) at different rotation time. 
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Fig. 11. Variations of non-coaxial angle for different initial densities in Series 
RPAM_1 (Am = 1.4, β = 0 and δ = 0). 
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Fig. 12. (a) Variations of non-coaxial angle (b) variations of pore water pressure 
normalized by the initial mean effective stress or shear strain for different Am in 
Series RPAM_1 (medium-dense, β = 0 and δ = 0). 
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Fig. 13. Relationship between the aspect ratio Am and the average amplitude of 
non coaxial angle i  in Series RPAM_1 (medium-dense, β = 0 and δ = 0). 
 p. 21 
 
60 0 -60 -120 -180 -240 -300 -360
5
0
-5
-10
-15
-20
-25
-30
 Coaxial
 β=0.0
 β=0.3
 β=0.9
 β=1.8
N
on
-
co
a
xi
a
l a
n
gl
e
 
( d
e
gr
e
e
 
)
Angle of principal strain rate( degree )
    
Fig. 14. Variations of non-coaxial angle for different rolling resistance β in Series 
RPAM_2 (medium-dense, Am = 1.0 and δ = 0). 
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Fig. 15. Relationship between the rolling resistance β and the average amplitude 
of non-coaxial angle i  in Series RPAM_2 (medium-dense, Am = 1.0 and δ = 0). 
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Fig. 16. Variations of non-coaxial angle for different bedding plane orientation δ 
in Series RPAM_3 (medium-dense, Am = 1.4 and β = 0). 
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Fig. 17. Relationships between the bedding plane orientation δ and the average 
amplitude of the non-coaxial angle i  in Series RPAM_3 (medium-dense and β = 
0). 
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（a）Am = 1.0  
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  （b）Am=1.4 
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（c）Am=1.7 
Fig. 18. Variation of the average amplitude value of the non-coaxial angle i  in 
four cycles under the coupled effects of Am, β and δ in Series RPAM_4 
(medium-dense). 
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Fig. 19. Comparison between the simulation results by DEM and the predictions 
from Eq. (15). 
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(c) 
Fig. 20. Comparison between the evolutions of APR and those of i in the RPAM 
tests on medium-dense specimen for (a) Am = 1/1.4/1.7, β = 0 and δ = 0°; (b) Am = 
1.4, β = 0/0.6/1.2 andδ = 0°; (c) Am = 1.4, β = 0.6 and δ = 0°/30°/60°/90°. 
